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The K/T boundary sequence of impact ejecta is
composed of two macroscopic layers in North America
and a single layer in the eastern hemisphere.
Following Orth et al. [1], we have been interpreting
[2-5] the lower layer in (and adjacent to) North
America to be relatively low-energy proximal ejecta
deposited from an ejecta curtain and the upper layer to
be higher energy ejecta carried in a vapor plume that
rose far above Earth’s atmosphere and distributed
material globally.  Unfortunately, we still do not
understand the details of these processes, even though
many post-impact environmental effects depend on the
mass distribution in each of these ejecta units and the
time scales over which the materials were deposited.

Previously, Argyle [6] calculated the ballistic
trajectories of material in the vapor plume, assuming
material was launched uniformly over all elevation
angles and azimuths.  His results suggested the ejecta
should be thickest around the impact site and at the
antipode. Melosh et al. [7], using a different approach
to model the vapor plume, also found material was
concentrated near the impact site and at the antipode.
More recently, Alvarez et al. [8] recalculated the
global distribution of the vapor plume material
assuming the ejecta was only launched at angles >50°
from the horizon.  In sharp contrast to the work of [6]
and [7], the latter results suggested there should be a
forbidden zone near the antipodal position in which no
high energy ejecta was deposited.

To resolve these discrepancies and elucidate
other physical processes, we reexamined this issue by
constructing a computer simulation of the launch and
deposition of both low- and high-energy ejecta.  We
began with a code designed to numerically model the
ballistic trajectories of ejecta produced by impacts on
asteroid surfaces [9] and modified it to reflect Earth’s
gravity and rotation.  In the simulation, low-energy
ejecta forms a cone with a concentrated mass
distribution angled 45° from the surface of the Earth
or, in the case of an oblique impact, a cone tilted ~15°
in the downrange direction [10].  The thickness of the
ejecta blanket varies with distance from the point of
impact and azimuthal direction according to functions
that depend on whether the impact was vertical [11] or
oblique [10].   In the case of the high-energy ejecta, we
assumed it rises through the atmosphere in a column
which numerical hydrocode calculations [12] indicate
is ≤2 times the diameter of the transient crater.  The
velocities in this vapor plume are initially low but
rapidly accelerate as the plume rises through the

atmosphere and isotropically expands at the top of the
atmosphere.  For purposes of the calculation, ejection
speeds are drawn at random according to a power-law
distribution between Vmin and Vesc, where Vmin = 2
km/s.   The exponent of the speed distribution for
these models is ev = 5.0, which strongly weights the
ejection speeds toward Vesc.

In Figure 1, the distribution of low- and high-
energy ejecta following a vertical impact is illustrated
based on 20,000 tracer particles.  The low-energy
ejecta is symmetrically distributed around the impact
site and concentrated within ~1000 km of Chicxulub.
The high-energy ejecta is distributed globally,
although it is concentrated near the antipode, similar
to the results of Argyle [6], with some smearing
caused by the rotation of the Earth.   Unlike Argyle
[6], where the vapor plume speeds were uniformly
distributed, overemphasizing the number of low-speed
particles landing near the impact site, our results, with
ejection speeds weighted toward Vesc, indicate a much
less pronounced concentration of plume material near
the source crater.  The forbidden zone of Alvarez et al.
[8] is an artifact of the assumed elevation angles and
choice of maximum ejection speeds less than Vesc; i.e.,
they did not let the vapor plume expand at the top of
the atmosphere.

In Figure 2, the distribution of low- and high-
energy ejecta is shown for a 25° oblique impact from
the southeast [13].  In this case, the low-energy ejecta
blanket is slightly asymmetrical, but it is, again,
concentrated within ~1000 km of Chicxulub.  The
high-energy ejecta is distributed globally and
concentrated primarily near the antipode.  There are
subtle differences, though, when these results are
compared with those from a vertical impact.  Plume
material is channeled along the entry trajectory of the
projectile before expanding at the top of the
atmosphere, in this case resulting in a secondary
concentration of particles to the southeast of
Chicxulub.

The concentration of high-energy ejecta near the
impact site and near the antipode was seen in several
other simulations involving oblique impacts with a
variety of trajectories, so it appears to be a very robust
result.  In most cases, most of the high-energy ejecta
stays within 50,000 km of Earth, with several percent
reaching 100,000 km or more, before reentering the
atmosphere.  Approximately 25% of the material
reaccretes within 2 hrs, ~50% within 8 hrs, and ~75%
within ~72 hrs.  We also found that at least 20-30% of
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the ejected material escapes, even when we make the
very conservative assumption that the speeds of
materials in the vapor plume are ≤11.2 km/s (Earth’s
escape speed).  This is due to the effect of the Earth’s
rotation, which adds a ∆V of 0.4-0.5 km/s to material
launched in the same direction as Earth’s rotation.  In
reality, some material will be launched at velocities
greater than Vesc, so that the fraction of material lost
from Earth will actually be greater than 20-30%.

These results lead to some potentially useful
conclusions about the post-impact environment.  In
either a vertical or oblique impact event, the amount of
heating in the upper atmosphere by reaccreting high-
energy ejecta may be greatest at the antipode and
above the impact site, although a time-integrated
series of calculations is needed to accurately determine
the magnitude of this effect.  Nonetheless, this could
be an important factor when calculating post-impact
chemical reactions in the stratosphere [e.g., 14] and on
the possibility of the ignition of fires on the surface
[7].  Also, in the case of an oblique impact, the

ballistic sedimentation speeds of low-energy ejecta
(when it lands) will be greater in the downstream
direction than it is in the upstream direction.
Consequently, if the projectile came from the
southeast [13], the sedimentation speeds would be
greater in North America than in South America.
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Figure 1.  Distribution of (a) low-energy ejecta and (b) high-energy ejecta following a vertical impact at the site of Chicxulub
(62.26 W, 25.56 N 65 Ma).   Figure 2.  Distribution of (a) low-energy ejecta and (b) high-energy ejecta following an oblique
impact with a trajectory from the southeast at an angle of 25°  above the surface.  Most of the mass is in the low-energy ejecta,
so the particle densities in (a) and (b) are not directly comparable in terms of mass.  In addition, we did not attempt to simulate
the instabilities in the low-energy ejecta that can produce hummocky distribution of material or rays.
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